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(57) ABSTRACT

A semiconductor device 1s disclosed. The semiconductor
device comprises, a first region of a first conductivity type, a
second region of a second conductivity type disposed adja-
cent to the first region to form a p-n junction structure, a
resistance modification region of the second conductivity
type, and a field response modification region of the second
conductivity type disposed between the resistance modifica-
tion region and the second region, wherein the field response
modification region comprises a varying dopant concentra-
tion distribution along a thickness direction of the field
response modification region.
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1
SEMICONDUCTOR DEVICES AND SYSTEMS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH & DEVELOPMENT

The invention relates generally to semiconductor devices.
More specifically, the mvention relates to semiconductor
devices including positively (p) and negatively (n) doped
“p-n” junction structures.

BACKGROUND

The invention relates generally to semiconductor devices.
More specifically, the mvention relates to semiconductor
devices including a positively (p) and negatively doped (n)
“p-n” junction structures.

Semiconductor devices that include a p-n junction, 1n order
to achieve acceptable levels of performance in operational
characteristics such as signal-to-noise ratio and gain, require
the application of a uniform and high voltage along the p-n
structure. Further, these devices are often required to operate
in the breakdown mode, wherein the transfer characteristics
become strongly non-linear.

Such devices enter their breakdown mode typically upon
application of a voltage having a value that 1s at or above a
certain value referred to as the “breakdown voltage.” The
value of the breakdown voltage depends on several factors,
including but not limited to the material characteristics of the
device.

Currently available p-n junction structure semiconductor
devices contain multiple regions containing interfaces
between the different regions. The application of a high elec-
tric field during an operation of such a semiconductor device
can result in the development of electric field profiles within
the device, such that the electric field at locations along the
different interfaces between the regions, such as at locations
in a vicinity of an edge, are independently different from the
bulk of the device.

Under such a scenario, the reliability and consequently the
usetulness of the semiconductor device 1s compromised, as 1t
1s highly desirable that the breakdown mode operation of the
semiconductor device 1s initiated or controlled via the bulk of
the semiconductor device.

A technique whereby the above limitations of existing
semiconductor devices can be mitigated would therefore be

highly desirable.

BRIEF DESCRIPTION

Brietly, embodiments of the present invention are directed
towards p-n device structures and systems including such
structures.

In accordance with one embodiment of the present imven-
tion, a semiconductor device comprises: a first region of a first
conductivity type, a second region of a second conductivity
type disposed adjacent to the first region to form a p-n junc-
tion structure, a resistance modification region of the second
conductivity type, and a field response modification region of
the second conductivity type disposed so as to be between and
in contact with the resistance modification region and the
second region, wherein the field response modification region
comprises a varying dopant concentration distribution region
along a thickness direction of the field response modification
region.

In accordance with another embodiment of the present
invention an electronic system comprises: a semiconductor
device, and an arrangement for reverse biasing the semicon-
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ductor device; wherein, the semiconductor device comprises:
a first region of a first conductivity type, a second region of a
second conductivity type disposed adjacent to the first region
to form a p-n junction structure, a resistance modification
region of the second conductivity type, and a field response
modification region of the second conductivity type disposed
between the resistance modification region and the second
region, wherein the field response modification region com-
prises a varying dopant concentration distribution along a
thickness direction of the field response modification region.

In accordance with another embodiment of the present
invention, a sesmiconductor device comprises: a first region of
a first conductivity type, a second region of a second conduc-
tivity type disposed adjacent to the first region to form a p-n
junction structure, a resistance modification region of the
second conductivity type, and an implanted resistive region
disposed so as to be 1n contact with the resistance modifica-
tion region and the second region, wherein an electrical resis-
tance of the implanted resistive region 1s substantially greater
than a resistance of the resistance modification region and
substantially greater than a resistance of the second region.

These and other advantages and features will be more
readily understood from the following detailed description of
preferred embodiments of the mnvention that 1s provided in
connection with the accompanying drawings.

DRAWINGS

FIG. 11s across-sectional view of a prior art semiconductor
device.

FIG. 2 1s a simulated plot of voltage versus current char-
acteristics of embodiments of the prior art semiconductor
device of FIG. 1.

FIG. 3 1s a simulated graphical representation of a variation
of electric field as a function of radial distance within an
embodiment of the semiconductor device of FIG. 1.

FIG. 4 1s a cross-sectional view of a semiconductor device
1n accordance with an embodiment of the invention.

FIG. 5 1s asimulated graphical representation of a variation
of electric field as a function of radial distance within an
embodiment of the semiconductor device of FIG. 4.

FIG. 6 1s a simulated plot of a voltage versus current char-
acteristics of embodiments of the semiconductor device of
FIG. 4.

FIG. 7 1s a cross-sectional view of a semiconductor device
including a field plate and a passivation layer 1n accordance
with an embodiment of the invention.

FIG. 8 1s a schematic view of an electronic system 1n
accordance with an embodiment of the invention.

DETAILED DESCRIPTION

In the following description, whenever a particular aspect
or feature of an embodiment of the invention 1s said to com-
prise or consist of at least one element of a group or combi-
nations thereot, 1t 1s understood that the aspect or feature may
comprise or consist of any of the elements of the group, either
individually or in combination with any of the other elements
of that group.

In the following specification and the claims that follow,
the singular forms ““a,” “an,” and “the”” include plural referents
unless the context clearly dictates otherwise.

Approximating language, as used herein throughout the
specification and claims, may be applied to modily any quan-
titative representation that could permaissibly vary without
resulting 1n a change in the basic function to which 1t 1s
related. Accordingly, a value modified by a term or terms,
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such as “about” or “substantially,” may be not to be limited to
the precise value specified, and may include values that differ
from the specified value. In at least some instances, the
approximating language may correspond to the precision of
an mstrument for measuring the value.

As used herein, the term “within,” when used 1n context of
discussion of any physical entity may refer to a bulk of the
physical enfity or it may refer to a surface of the physical
entity, or 1t may refer to both the bulk and the surface of the
physical entity.

Without loss of generality, the discussions herein will be
based on semiconductor devices having a p-n structure, such
as of the type presented 1n FIG. 1. One skilled 1n the art may
recognize generic features of the discussions presented herein
that remain substantially valid for semiconductor devices
having other structures, such as for instance, p-1-n structures,
wherein “1” means intrinsic. Such semiconductor devices
containing p-1-n structures also fall within the scope of the
present invention.

As used herein, the term “region” refers to a physical
volume or surface whose extent in space 1s substantially
finite, and the variation of one or more physical characteris-
tics, such as dopant concentration, within which, 1s substan-
tially well defined. One skilled 1n the art of semiconductor
devices would appreciate that, an interface between any two
or more regions within the semiconductor device may itself
be considered as a “region”. One skilled 1n the art of semi-
conductor devices would also appreciate that one or more
regions, for instance, having differing physical characteristics
such as dopant species and/or dopant concentration and/or
clectrical resistance, may together be considered, {for
instance, from a functional perspective, as a single region
having a common function. Furthermore, one skilled in the art
ol semiconductor devices would also appreciate that, a semi-
conductor device having different regions may be fabricated
out ol a monolithic piece of semiconductor material that
mitially constituted, as per the definition above, a single
region. One skilled in the art of semiconductor devices would
also appreciate that a semiconductor device having different
regions may be fabricated via successive or simultaneous
deposition of different “layers” or “films,” such as for
instance via any of the well known film deposition tech-
niques.

Asused herein, the term “beveled profile,” when used 1n the
context of discussion of any physical quantity, such as dopant
concentration, across two or more regions of a semiconductor
device indicates that the said physical quantity has a different
value 1n each of the said two or more regions, 1.¢., the rate of
change of the said physical quantity across the said two or
more regions 1s non-zero. Furthermore, the terms “negative”™
or “positive” when used to qualily any beveled profile indi-
cate respectively whether rate of change of the corresponding
physical quantity 1s positive or negative.

As used herein, the term “adjacent,” when used 1n context
of discussion of different regions and/or parts comprising a
semiconductor device may refer to the situation where the
regions and/or parts under discussion are immediately next to
cach other, or it may also refer to a situation wherein inter-
vening regions and/or parts are present between the regions
and/or parts under discussion.

In the present discussions 1t 1s to be understood that, unless
explicitly stated otherwise, any range of numbers stated dur-
ing a discussion of any region within, or physical character-
1stic of, a semiconductor device, 1s inclusive of stated end
points of the range.

With specific reference to FIG. 1, there 1s shown, 1n side
cross-sectional view, an example of a prior art semiconductor
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device having a solid frustum like structure. FIG. 1 shows a
semiconductor device 100 that includes a first region 102, a
second region 104, a resistance modification region 106, and
a field response modification region 108. The semiconductor
device 100 further includes at least one {irst electrical contact
pad 110, and at least one second electrical contact pad 113,
that can be used to form electrical connections between dii-
terent regions within the semiconductor device 100, or they
can be used to form electrical connections between the semi-
conductor device and any suitable external device. The
dopant concentrations within the first region 102, the second
region 104, the resistance modification region 106, the field
response modification region 108, the at least one first elec-
trical contact pad 110, and the at least one second electrical
contact pad 113 are substantially uniform and fixed indepen-
dently based on the specific operational requirements of the
semiconductor device 100. If the conductivity type of the first
region 102 1s p-type, and that of the second region 1s n-type,
then those skilled in the art would recognize the resulting
semiconductor device as having a p-n structure.

The 1llustrated embodiment of the semiconductor device
100, as shown 1n FI1G. 1, includes an edge 103 that 1s inclined,
with respect to a “horizontal” direction 114, at an angle 116.
In one embodiment, the angle 116 1s substantially obtuse, so
that the portion 118 1s shaped like a frustum. Without loss of
generality, such embodiments of semiconductor device 100
will be referred to as “frustum like embodiments™. In alter-
nate embodiments of the semiconductor device 100, the angle
116 can be substantially orthogonal, so that the portion 118 1s
shaped like a cylinder. Without loss of generality, such
embodiments of semiconductor device 100 will be referred to
as “‘orthogonal embodiments”. Conventional fabrication
techniques are less expensive when angle 116 1s substantially
obtuse as compared with being substantially orthogonal. On
the other hand, embodiments of the semiconductor device
100 1n which the angle 116 1s substantially orthogonal (or-
thogonal embodiments) possess “breakdown mode™ opera-
tional characteristics that are, 1n certain situations, more
desirable as compared to the breakdown mode operation
characteristics of embodiments of the semiconductor device
100 1 which the angle 116 1s substantially obtuse (frustum
like embodiments). Typically, while fabricating semiconduc-
tor devices of type 100, one tries to achieve a balance between
cost of fabrication and operational characteristics of the fab-
ricated device. Any improvement in design of, for example,
the 1llustrated semiconductor device 100 that would enable
the resulting semiconductor device to display, during opera-
tion, breakdown mode operating characteristics comparable
to those displayed by a semiconductor device of type 100 1n
which the angle 116 1s substantially orthogonal, would there-
fore be highly desirable.

Information about an operational performance of the prior
art semiconductor device 100 1s obtained from a simulated
study of voltage versus current (V-I) characteristics of the
semiconductor device 100. For the purposes of such a study,
computations of V-1 characteristics of two “simulated”
embodiments of the prior art semiconductor device 100 were
performed. The simulated voltage (V) was applied as a
reverse bias between the at least one electrical contactpad 110
and the at least one second electrical contact pad 113. The
simulated current (I) was measured across the same set of
contact pads. In both simulated embodiments, the first region
102 has a thickness of about 2 micrometers and a dopant
concentration of about 3x10"®/cm”’, the second region 104
has a thickness of about 2.7 micrometers and a dopant con-
centration of about 1x10*°/cm?’, the resistance modification
region 106 has a thickness of about 0.1 micrometers and a




US 8,198,650 B2

S

dopant concentration of about 2x10""/cm’, and a field
response modification region 108 has a thickness of about 0.2
micrometers and a dopant concentration of about 2x10"%/
cm”. As is typical for prior art semiconductor devices of type
100, the aforementioned dopant concentrations within each >
of the alforementioned regions are approximately uniform.
The simulated embodiments differed in that, in the first simu-
lated embodiment, the angle 116 1s substantially obtuse, and
has a value of about 110 degrees, while 1n the second simu-
lated embodiment, the angle 116 1s substantially orthogonal,
and has a value of about 90 degrees. It 1s also noted that 1n
typical prior art semiconductor devices of type 100, the value
ol dopant concentration within the field response modifica-
tion region 108 1s approximately uniform, 1.e., the dopant
concentration 1s substantially constant along all directions.
FI1G. 2 1llustrates the simulated V-1 characteristics 200 of
the above mentioned two embodiments of the semiconductor
device 100. Computed V-1 characteristic 202 belongs to an
embodiment of the semiconductor device 100 in which the »g
angle 116 1s obtuse and approximately about 110 degrees, and
computed V-1 characteristic 204 belongs to an embodiment of
the semiconductor device 100 1 which the angle 116 1s
substantially orthogonal. From a perusal of V-I characteristic
202, 1t 1s evident that the embodiment to which it corresponds 25
displays breakdown mode operation above a voltage V5, of
approximately 520 Volts. This voltage 1s indicated 1n FIG. 2
via reference numeral 210. From a similar perusal of V-I
characteristic 204, 1t 1s evident that the embodiment to which
it corresponds displays breakdown mode operation above a 30
voltage V 5, of approximately 580 Volts. This voltage 1s indi-
cated in FIG. 2 via reference numeral 212. Furthermore, it 1s
also evident that V;, <V .., 1.e., a semiconductor device hav-
ing an angle 116 that 1s substantially obtuse displays a break-
down voltage that 1s lower than the breakdown voltage of a 35
semiconductor device having an angle 116 that is substan-
tially orthogonal. In other words, other factors being substan-
tially constant, the frustum-like embodiment of semiconduc-

tor device 100 displays a premature breakdown as compared
to the orthogonal embodiment of the semiconductor device 40
100.

FIG. 3 illustrates the results, of calculated variation of
clectric field within the semiconductor device 100, along
lines beginning at different locations on the axis 101, and
extending outward 1n a given radial direction 124 to the edge 45
103. FIG. 3 1s a graph 300 that shows two data sets 301,
plotted together on a rectangular coordinate system 302 for
comparison. The abscissa 304 of the rectangular coordinate
system 302 represents a radial distance along a radial direc-
tion 124, while the corresponding value of electric field 1s 50
plotted along the ordinate 306 of the rectangular coordinate
system 302. A length scale of significance 1n the present
discussions 1s the radial separation between the axis 101 and
the region 107 that 1s 1n a vicinity of both an interface region
109 between the second region 104 and the field response 55
modification region 108, and the edge 103. This length scale
1s referred to herein as the first length scale 111 and 1s 1ndi-
cated as location 310 on the abscissa 304. Another length
scale of significance 1n the present discussions 1s the radial
distance between the axis 101 and the edge 103. This length 60
scale 1s referred to herein as the second length scale. It may be
clear that the value of the second length scale 1s a function of
location along axis 101. For instance, 1n the presently 1llus-
trated prior art device 100, the value of the second length scale
increases substantially linearly as one goes from the “top™ 65
edge 105 of the semiconductor device 300, towards the “bot-
tom” 115 edge of the semiconductor device 100.
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The data sets 301 plotted in FIG. 3 were computed for
typical operating conditions near a breakdown at approxi-
mately about 510 Volts, and as such the data sets 301 may be
considered representative of the considerations imnvolved 1n
the discussions herein.

Plot 308 1n FIG. 3 shows a variation of electric field as a
function of distance along a radial line beginning from a point
128 (FI1G. 1) on the axis 101 and extending outward 1n a radial
direction, say 124, till a point 130 on the edge 103 of the
semiconductor device 100. The point 128 1s substantially 1n a
vicinity of an interface region 109 between the second region
104 and the field response modification region 108. Similarly
to the case of plot 108, plot 114 in FIG. 3 shows a computed
variation of an electric field as a function of distance along a
radial line beginning from a point 120 on the axis 101 and
extending outward 1n a radial direction, say 124, t1ll a point
125 on the edge 103 of the semiconductor device 100. The
point 120 lies within an interface region 126 between the first
region 102 and the second region 104. The radial distance 123
between the points 120 and 1235 within the semiconductor
device 100 corresponds to the second length scale for this
case, and 1s indicated as the location 312 on the abscissa 304.

It may be evident from FIG. 3, that the radial distance
dependence of the electric field for the two data sets 308 and
314 1s substantially similar up to approximately the first
length scale indicated as location 310. For radial distances
beyond location 310 and up to approximately the location 312
corresponding to the second length scale, the radial distance
dependence of the electric field for the two data sets 308 and
314 show markedly different trends: for instance, data set 308
shows a distinct peak 340 1n the vicinity of the first length
scale. This 1s 1n sharp contrast to the behavior of the data set
314, which shows only a gradual change of slope in the
vicinity of the first length scale.

As noted above, there 1s a distinct departure in type of
variation of the electric field, plotted along the ordinate 306,
with respect to radial distance, plotted along the abscissa 304,
within and 1n the vicinity of a region 316 contained between
radial distances that lie between the first length scale 111 and
the present second length scale 123. As noted earlier the first
length scale 111 and the present second length scale 123
correspond respectively to the points 310 and 312 on the
abscissa 304. The distinct spike 1n the data set 308 within and
in a vicinity of the region 316 1s one of the probable causes of
premature electrical breakdown of the frustum-like embodi-
ment of the semiconductor device 300, as compared with the
orthogonal embodiment of the semiconductor device 300.
Thus, during operation of the semiconductor device 100, 1t 1s
clear from data set 314 that electric field at locations 1n the
vicinity of an interface, for instance, along an edge-end of an
interface of the device, can have a value that 1s substantially
different and possibly exceeding the breakdown electric field
value, even as the value of the electric field within the bulk
remains below the breakdown field value. In such a situation,
an electrical breakdown along the edge can occur, 1.¢., the
location along the edge will likely operate in a breakdown
mode, even as the bulk experiences no such electrical break-
down. Once electrical breakdown 1s 1nitiated 1n the above
manner along the edge, 1t 1s likely to not only introduce noise
in the device operational characteristics, but also potentially
hasten the bulk breakdown of the prior art semiconductor
device 100.

Without being limited by any particular theory, 1t 1s pos-
sible that the sharp increase 1n electric field at locations within
the semiconductor device 100, as evidenced by peak 340, 1s
one of the causative factors that results 1n the earlier obser-
vation wheremn V5, <V.,. A design modification of device
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100 which would allow for a frustum-like embodiment to
display V-I characteristics that substantially match to the V-I
characteristics of an orthogonal embodiment, and for which,
V5, and V,, are substantially similar, would therefore be
highly desirable.

Embodiments of the present invention include semicon-
ductor devices including a field response modification region,
which includes a varying dopant concentration distribution
along a thickness direction of the field response modification
region.

In accordance with one embodiment of the invention there-
fore, a semiconductor device 400 1s shown 1in FIG. 4. The
semiconductor device 400 includes a first region 402 of a first
conductivity type, a second region 404 of a second conduc-
tivity type disposed adjacent to the first region 402 to form a
p-n junction structure, a resistance modification region 406 of
the second conductivity type disposed adjacent to the second
region 404 and on an opposite side of the first region 402, and
a field response modification region 408 of the second con-
ductivity type disposed so as to be 1n contact with the resis-
tance modification region 406 and the second region 404,
wherein the field response modification region 408 includes a
varying dopant concentration distribution region along a
thickness direction 450 of the field response modification
region 408.

In one embodiment of the mvention the first conductivity
type 1s p-type and the second conductivity type 1s n-type. In
one embodiment of the invention, the first conductivity type is
n-type and the second conductivity type 1s p-type. In one
embodiment of the imvention, the first region 402 and the
second region 404 are physically contiguous. In one embodi-
ment of the invention, the field response modification region
408 further includes an implanted resistive region of type 708
(F1G. 7).

In one non-limiting simulated embodiment of the mven-
tion, the device 400 was simulated to have a varying dopant
concentration profile 1n the vicinmity of an interface 419
between the resistance modification region 406 and the field
response modification region 408, and the field response
modification region 408 and the second region 404, has a
negative beveled profile. The resistance modification region
406 1s about 0.1 micrometers thick and has a dopant concen-
tration of about 2x10'”/cm”, the field response modification
region 408 1s about 0.2 micrometers thick and has a dopant
concentration of about 2x10'*/cm”, and the second region
404 1s about 2.7 micrometers thick and has a dopant concen-
tration of about 1x10"°/cm”. In one embodiment of the inven-
tion, a dopant concentration profile in the vicinity of an inter-
face between the first region 402 and the second region 404
has a positive beveled profile. The first region 402 1s about 2
micrometers thick and has a dopant concentration of about
3x10'®/cm” and the second region 404 is about 2.7 microme-
ters thick and has a dopant concentration of about 1x10"°/
cm”.

In FIG. § are presented the results of two such computa-
tions, wherein variation of electric field within the semicon-
ductor device 400 was calculated along lines beginning at
different locations on the axis 401 and extending outward 1n
a given radial direction 424 till the edge 603. FI1G. 51s a graph
500 that shows two data sets 501, plotted together on a rect-
angular coordinate system 302 for comparison. The abscissa
504 of the rectangular coordinate system 302 represents a
radial distance along a radial direction 524, while the corre-
sponding value of electric field 1s plotted along the ordinate
506 of the rectangular coordinate system 302. A first length
scale 411 analogous to the first length scale 111 (FIG. 1) 1s
indicated as location 510 on the abscissa 504. Also, and
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similarly to the case of FIG. 1, a second length scale may be
defined for the semiconductor device of FIG. 4. As was the
case for the embodiment shown 1n FIG. 1, it may be clear that
the value of the second length scale for the embodiment
shown 1n FIG. 4 1s also function of location along axis 401.
For instance, 1n the presently illustrated embodiment 400, the
value of the second length scale increases substantially lin-

carly as one goes from the “top” edge 405 of the semicon-
ductor device 400, towards the “bottom™ 415 edge of the
semiconductor device 400.

The data sets 501 plotted in FIG. 5 were computed for
typical operating conditions near breakdown at 610 Volts, and
as such the data sets 501 may be considered representative of
the considerations involved 1n the discussions herein.

Plot 508 in FIG. 5 shows a vaniation of electric field as a
function of distance along a radial line beginning from a point
428 (FIG. 4) on the ax1s 401 and extending outward 1n a radial
direction, say 424, till a point 430 on the edge 403 of the
semiconductor device 400. The point 428 1s substantially 1n a
vicinity of an interface region 409 between the second region
404 and the field response modification region 408. Similarly
to the case of plot 508, plot 514 in FIG. 5 shows a computed
variation of an electric field as a function of distance along a
radial line beginning from a point 420 on the axis 401 and
extending outward 1n a radial direction, say 424, t1ll a point
425 on the edge 403 of the semiconductor device 400. The
point 420 lies within an interface region 426 between the first
region 402 and the second region 404 (FIG. 4). The radial
distance 423 between the points 420 and 425 within the
semiconductor device 400 corresponds to the second length
scale for this case, and 1s indicated as the location 512 on the
abscissa 504.

It may be evident from FIG. 5, that the radial distance
dependence of the electric field for the two data sets 508 and
514 1s substantially similar up to approximately the first
length scale indicated as location 510. For radial distances
beyond location 510 and up to approximately the location 512
corresponding to the second length scale, the radial distance
dependence of the electric field for the two data sets 508 and
514 show different trends: for instance, data set 508 shows a
distinct peak 540 1n the vicinity of the first length scale. On the
other hand, the data set 514, which shows only a gradual
downward change of slope 1n the vicinity of the first length
scale.

A comparison of data sets 501 and 301 from FIGS. 5 and 3
respectively reveals that the magnitude of the peak 540 1s
substantially depressed when compared against a magnitude
of the peak 340. As per a discussion presented earlier, 1t 1s
possible that this depression may result (discussed further
below) 1n a frustum like embodiment to display V-1 opera-
tional characteristics that are substantially similar to the V-I
operational characteristics of an orthogonal embodiment.

Information about an operational performance of the simu-
lated semiconductor device 400 may be obtained from an
analysis of voltage versus current (V-1) characteristics of the
semiconductor device 400. The simulated voltage (V) was
applied as a reverse bias between the at least one electrical
contact pad 410 and the at least one second electrical contact
pad 413. The simulated current (I) was measured across the
same set of contact pads. In FIG. 6 are plotted computed V-1
characteristics of two embodiments of the semiconductor
device 400: computed V-1 characteristic 602 belongs to an
embodiment of the semiconductor device 400 in which the
angle 416 1s obtuse and approximately about 110 degrees;
turthermore, computed V-1 characteristic 604 belongs to an
embodiment of the semiconductor device 400 in which the
angle 416 1s substantially orthogonal. From a perusal of V-1
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characteristic 602, 1t may be evident that the embodiment to
which 1t corresponds displays breakdown mode operation
above a voltage V,, of approximately 610 Volts. From a
similar perusal of V-1 characteristic 604, 1t may be evident that
the embodiment to which 1t corresponds displays breakdown
mode operation above a voltage V5, also of approximately
610 Volts. It 1s evident that V., and V ,, are nearly the same,
1.e., a semiconductor device, containing a field response
modification region 408 having a uniformly varying dopant
concentration, and having an angle 416 that 1s obtuse displays
a breakdown voltage almost the same as the breakdown volt-
age ol a semiconductor device having an angle 416 that 1s
substantially orthogonal, 1.e., the presence of a field response
modification region having a varying dopant concentration
distribution along a thickness direction of the field response
modification region results 1n a substantial matching of the
V-I characteristics. In one embodiment of the invention, the
value of the angle 416 1s selected to be less than about 40
degrees. In one embodiment of the invention, the value of the
angle 416 1s selected to be less than about 45 degrees.

In one embodiment of the invention, a value of a break-
down electric field of the semiconductor device 1s 1n a range
from about 1x10° Volts per centimeter (V/cm) to about 8x10°
V/cm. In another embodiment of the invention, a value of a
breakdown electric field of the semiconductor device 1s in a
range from about 1x10° V/cm to about 6x10° V/cm.

The semiconductor device 400 can be fashioned out of any
one or more suitable semiconducting and dopant materials. In
one embodiment of the mvention, the first region 402, the
second region 404, the field response modification region
408, and the resistance modification region 406 1ndepen-
dently at each occurrence include a material including silicon
carbide, gallium nitride, gallium arsenide, silicon, indium
phosphide, gallium phosphide, germanium, or combinations
thereol. In one embodiment of the mvention, the first region
402, the second region 404, the response modification region
408, and the resistance modification region 406 1ndepen-
dently may include a dopant including aluminum, nitrogen,
boron, phosphorus, gallium, oxygen, vanadium, titanium,
germanium, silicon, carbon, magnesium, zinc, antimony,
iron, or combinations thereof.

In one embodiment of the invention, a value of a concen-
tration of the dopant within the first region 402 1s selected to
be in a range from about 10" /cm” to about 10" /cm”. In one
embodiment ofthe invention, a value of a concentration of the
dopant within the second region 1s selected to be 1n a range
from about 10" ’/cm” to about 10°'/cm”. In one embodiment
of the invention, a value of a concentration of the dopant
within the field response modification region 408 1s selected
to be in arange from about 10" '/cm? to about 10°'/cm?. In one
embodiment of the invention, a value of a concentration of the
dopant within the resistance modification region 406 1is
selected to be in a range from about 10" '/cm” to about 107/
cm”.

In one embodiment of present invention, thickness of the
field response modification region 408 1s one of the factors
controlling the ability of the semiconductor device 400 to
mitigate 1ts premature breakdown. In one embodiment of the
invention, the response modification region 408 has a thick-
ness 1 a range from about 100 nanometers (nm) to about
10000 nm.

In one embodiment of the invention, the varying dopant
concentration distribution within the field response modifi-
cation region 408 includes a substantially monotonically
varying dopant concentration from a first concentration value
to a second concentration value. In one non-limiting example
of such an embodiment, the monotonically varying dopant
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concentration distribution includes a dopant concentration
having a profile that 1s monotonically and substantially con-
stantly varying between the first concentration value and the
second concentration value. In one non-limiting example of
such an embodiment, the first concentration value 1s about
1x10"”/cm” and the second concentration value is about
1x10*°/cm”.

FIG. 7 shows an example of such a semiconductor device
700 that includes a first region 702 of a first conductivity type,
a second region 704 of a second conductivity type disposed
adjacent to the first region 702 to form a p-n junction struc-
ture, a resistance modification region 706 of the second con-
ductivity type, and an implanted resistive region 708 disposed
so as to be 1n contact with the resistance modification region
706 and the second region 704, wherein an electrical resis-
tance of the implanted resistive region 708 1s substantially
greater than a resistance of the resistance modification region
706 as well as of the second region 704.

In one embodiment of the invention, a conductivity of the
implanted resistive region 708 1s of the second conductivity
type. In one embodiment of the invention, a dopant concen-
tration profile 1n a vicinity of an interface 727 between the
resistance modification region 706 and second region 704 has
a negative beveled profile, and wherein a dopant concentra-
tion profile 1n a vicinity of an interface 726 between the first
region 702 and the second region 704 has a positive beveled
profile.

Embodiments of the semiconductor devices 700 or 400
may further include a field plate. A non-limiting example of
such a field plate 752 1s shown 1n FIG. 7. In one embodiment,
the field plate 752 1s disposed so as to cover at least a portion
the semiconductor device 700. Examples of materials suit-
able to comprise the field plate include, but are not limited to,
silicon, indium phosphate, gallium phosphate, germanium,
titanium, tungsten, molybdenum, nickel, gold, platinum, gal-
lium phosphate, or combinations thereof. In one embodi-
ment, the semiconductor device 700 or 400 further includes a
passivation layer 754 disposed so as to cover at least a portion
the semiconductor device 700. Non-limiting examples of
materials from which the passivation layer may be composed
include polyamides, oxides, or combinations thereof.

In one embodiment of the invention, the implanted resis-
tive region 708 may be fabricated by an 1on-implantation
technique whereby 10ons are implanted within the semicon-
ductor device 700, so that the implanted resistive region 708
1s formed to be 1n contact with the second region 704 and the
resistance modification region 706. Ion implantation tech-
niques are known 1n the art and any such 1on implantation
technique that 1s suitable may be used for the fabrication of
the implanted resistive region 708. The implanted resistive
region 708 1s fabricated so that 1ts physical dimensions, and/
or physical characteristics such as radiation defects, confer to
it an electrical resistance that 1s 1n excess of an electrical
resistance of the resistance modification region 706 as well as
of the second region 704. Without being limited to any par-
ticular theory, 1t 1s possible that the radiation defects act as
traps for charge carriers that constitute an electrical current
during operation of the semiconductor device 700. Non-lim-
iting examples of the 1ons include argon, carbon, boron, alu-
minum, nitrogen, or combinations thereof.

It 1s also envisaged to have embodiments of the mvention
that include a field response modification region of type 408
as well as an implanted resistive region of type 708. In such
embodiments, the implanted resistive region of type 708
would be 1n contact with a resistance modification region of
type 406, a second region of type 404, and a field response
modification region of type 408. Those skilled 1n the art may
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also recognize that semiconductor devices 700 and 400 may
also include an intrinsic “1” region. Thus, as further shown in
FIG. 7, 1t 1s also envisaged to have embodiments of the mnven-
tion that independently include an mtrinsic “1”” region 709 as
shown between and 1in contact with the first region 702 and the
second region 704.

In one embodiment of the invention, the semiconductor
device 400 1s a photodiode. In one embodiment of the mven-
tion, the photodiode 1s an avalanche photodiode.

In one embodiment of the invention, an electronic system
800 1s disclosed. The electronic system includes, a semicon-
ductor device 802, and an arrangement 804 for reverse bias-
ing the semiconductor device 802 that 1s 1n communication
806 with the semiconductor device 802. Non-limiting
examples of the semiconductor device 802 include, for
example, a photodiode, an avalanche photodiode, a p-1-n
diode, an 1impact 1onization avalanche transit time (IMPATT)
diode, or combinations thereof. The semiconductor device
802 can be a semiconductor device of type 400 or 700. In one
embodiment, the semiconductor device 802 includes, a first
region ol a first conductivity type (not shown), a second
region of a second conductivity type (not shown) disposed
adjacent to the first region to form a p-n junction structure, a
resistance modification region of the second conductivity
type (not shown) disposed adjacent to the second region and
on an opposite side of the first region, and a field response
modification region (not shown) of the second conductivity
type disposed between the resistance modification region and
the second region. The field response modification region
includes a varying dopant concentration distribution along a
thickness direction of the field response modification region.
In one embodiment of the mvention, the electronic system
800 1s housed inside a hermetic packaging 808. In one
embodiment, the at least a portion 810 of the hermetic pack-
aging 808 may be transparent to certain wavelengths of light.
Non-limiting examples of areas of application of electronic
system 800 include all areas where a photodiode can be used.
In a non-limiting example, the electronic system 800 1s a light
detection and measurement system.

In one embodiment of the invention, the semiconductor
device may be encapsulated 1n a hermetic packaging. The

hermetic packaging serves to protect the semiconductor
device from environments where the semiconductor device 1s
likely to be used. Furthermore, in one embodiment of the
invention, the semiconductor device 1s capable of operation
within environments where a temperature 1s between a range
from about minus 30° C. to about 300° C. Examples of such
suitable hermetic packaging include, but are not limited to,
s1licon carbide, ceramic based epoxies such as those contain-
ing alumina, glass, quartz, silicon nitride, silicon dioxide,
refractory metals such as molybdenum and tungsten, and any
combinations thereof.

While the invention has been described 1n detail 1n connec-
tion with only a limited number of embodiments, 1t should be
readily understood that the invention 1s not limited to such
disclosed embodiments. Rather, the invention can be modi-
fied to incorporate any number of variations, alterations, sub-
stitutions or equivalent arrangements not heretofore
described, but which are commensurate with the spirit and
scope of the invention. Additionally, while various embodi-
ments of the invention have been described, 1t 1s to be under-
stood that aspects of the invention may include only some of
the described embodiments. Accordingly, the invention 1s not
to be seen as limited by the foregoing description, but 1s only
limited by the scope of the appended claims.
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The mvention claimed 1s:

1. A semiconductor device comprising:

a first region (402) of a first conductivity type;

a second region (404) of a second conductivity type dis-
posed adjacent to the first region to form a p-n junction
structure;

a resistance modification region (406) of the second con-
ductivity type, wherein the resistance modification
region comprises a varying dopant concentration distri-
bution region along a thickness direction of the resis-
tance modification region; and

a field response modification region (408) of the second
conductivity type having a thickness and disposed
between and 1n contact with the resistance modification
region (406) and the second region (402), wherein the
field response modification region (408) comprises a
varying dopant concentration distribution region along

the thickness of the field response modification region
(408).

2. The semiconductor device of claim 1, wherein the first
conductivity type 1s p-type and the second conductivity type
1s n-type.

3. The semiconductor device of claim 1, wherein the field
response modification region further comprises an implanted
resistive region.

4. The semiconductor device of claim 1, wherein the vary-
ing dopant concentration distribution comprises a substan-
tially monotonically varying dopant concentration from a
first concentration value to a second concentration value.

5. The semiconductor device of claim 4, wherein a dopant
concentration profile 1n a vicinity of an interface between the
resistance modification region and the field response modifi-
cation region, and the field response modification region and
the second region, has a negative beveled profile.

6. The semiconductor device of claim 4, wherein a dopant
concentration profile 1n a vicinity of an interface between the
first region and the second region has a positive beveled
profile.

7. The semiconductor device of claim 4, wherein the vary-
ing dopant concentration distribution comprises a substan-
tially constantly varying dopant concentration.

8. The semiconductor device of claim 4, wherein the first
concentration value is in arange from about 10" ’/cm” to about
10°'/cm”> and wherein the second concentration value is in a
range from about 10"'/cm” to about 10" /cm”.

9. The semiconductor device of claim 1, wherein the first
region, the second region, the field response modification
region, and the resistance modification region independently
at each comprise a material comprising silicon carbide, gal-
lium nitride, gallium arsenide, silicon, indium phosphate,
gallium phosphide, germanium, or combinations thereof.

10. The semiconductor device of claim 1, wherein the first
region, the second region, the field response modification
region, and the resistance modification region at each occur-
rence comprise a dopant comprising, aluminum, nitrogen,
boron, phosphorus, gallium, oxygen, vanadium, titanium,
germanium, silicon, carbon, magnesium, zinc, antimony,
iron, or combinations thereof.

11. The semiconductor device of claim 1, wherein a value
of a concentration of the dopant within the first region 1s
selected to be in a range from about 10" /cm” to about 107/
cm’.

12. The semiconductor device of claim 1, wherein a value
ol a concentration of the dopant within the second region 1s
selected to be in a range from about 10''/cm? to about 107/

CI'.[l3 .
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13. The semiconductor device of claim 1, wherein a value
of a concentration of the dopant within the field response
modification region 1s selected to be 1n a range from about
10" /cm” to about 10°'/cm”.

14. The semiconductor device of claim 1, wherein a value
ol a concentration of the dopant within the resistance modi-
fication region is selected to be in a range from about 10"’/
cm’ to about 10°!/cm”.

15. The semiconductor device of claim 1, wherein the field
response modification region has a thickness in a range from
about 100 nm to about 10000 nm.

16. The semiconductor device of claim 1, further compris-
ing a field plate disposed so as to cover at least a portion the
semiconductor device.

17. The semiconductor device of claim 16, wherein the
field plate comprises a material comprising, silicon, indium
phosphate, galllum phosphate, germanium, titanium, tung-
sten, molybdenum, nickel, gold, platinum, and gallium phos-
phate.

18. The semiconductor device of claim 1, wherein a value
of a breakdown electric field of the semiconductor device1s 1n
a range from about 1xIO° V/cm to about 8x10° Vicm.

19. The semiconductor device of claim 1, wherein the outer
edges slope at an angle that 1s obtuse with a horizontal.

20. The semiconductor device of claim 1, wherein an angle
of the outer edges to the thickness direction 1s selected to be
less than about 45 degrees.

21. The semiconductor device of claam 1, wherein the
semiconductor device comprises a photodiode.
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22. The semiconductor device of claim 21, wherein the
photodiode comprises an avalanche photodiode.

23. An electronic system comprising:

a semiconductor device; and

an arrangement for reverse biasing the semiconductor
device;

wherein, the semiconductor device comprises:

a first region of a first conductivity type;

a second region of a second conductivity type disposed
adjacent to the first region to form a p-n junction
structure;

a resistance modification region of the second conductivity
type, wherein the resistance modification region com-
prises a varying dopant concentration distribution region
along a thickness direction of the resistance modifica-
tion region; and

a field response modification region of the second conduc-
tivity type having a thickness disposed between the
resistance modification region and the second region,
wherein the field response modification region com-
prises a varying dopant concentration distribution along
the thickness direction of the field response modification
region.

24. The electronic system of claim 23, wherein the semi-
conductor device 1s selected from the list consisting of a
photodiode, an avalanche photodiode, a p-1-n diode, an
IMPATT diode, or combinations thereof.

25. The electronic system of claim 23, wherein the elec-
tronic system 1s encapsulated within a hermetic packaging.
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